Abstract Two variants of D-hydantoinase (HYD), created by deletion of one amino acid residue of at either the N-or C-terminus, were expressed in Escherichia coli and purified by twostep chromatography. Compared with HYD, HYDc1 with the C-terminal Arg deletion retained 43% activity, while HYDn1 with the N-terminal Ser deletion had no activity using DLHydantoin as substrate. Based on HYD dimer with a molecular weight of 103 kDa, HYDc1 is a monomer of 52 kDa and HYDn1 is a mixture of dimer and monomer. Moreover, HYDc1 displayed higher pH stability and lower thermal stability compared to HYD. In addition, the secondary and tertiary structures of HYDc1 were not significantly changed in contrast to the ones of HYDn1. All data imply that the C-terminal Arg of the HYD is crucial for homodimeric architecture of the enzyme, but non-essential for catalysis, while the N-terminal Ser is required for both conformation and catalysis of the enzyme.
Introduction
Hydantoinase (EC 3.5.2.2) hydrolyzes the substrate 5¢-monosubstantial hydantoin to enantiomerical N-carbamoyl-amino acids which, in turn, can be chemically or enzymatically converted into the corresponding optically active amino acids (Syldatk et al. 1999; Park et al. 2000) . Hydantoinase exists in animals, plants and microorganisms. It can be classified into three types: L-, D-and DL-configuration based on its chiral specificity for the substrate (Moller et al. 1988; Yamashiro et al. 1998) . A number of bacterial D-hydantoinases with different stereoselectivities and substrate specificities have been used in industrial bioconversion of optically active D-amino acids (Martinez-Rodriguez et al. 2002; Matcher et al. 2004 ). D-Amino acids as unnatural chiral products are important intermediates in the synthesis of various products, such as b-lactam semi-synthetic antibiotics, antiviral agents, artificial sweeteners, pesticides, peptide hormones and pyrethroids (Syldatk et al. 1990; Altenbuchner et al. 2001; Ogawa and Shimizu 2002) .
The oligomeric structure of D-hydantoinases from different microorganisms is either a dimer or tetramer (Cheon et al. 2002; Xu et al. 2003) . Although their primary structures are slightly different, three dimensional structural studies have revealed similarities at domain level (Benini et al. 1999; Benini et al. 2000; Thoden et al. 2001) . Based on the known conformation of D-hydantoinases, the monomer consists of two domains: a large domain and a small domain. The large domain is a classic (a/b) 8 TIM (triose phosphate isomerase) barrel which is separated by a small b-sheet domain Xu et al. 2003) . The relationship between the structure and function of the enzyme is still not well understood although the C-terminal region (11-12 residues) of D-hydantoinases from B. stearothermophilus SD1 and B. thermocatenulatus GH2 is not essential for enzymatic catalysis, but affects the oligomeric structure of the enzyme (Kim and Kim 1998) .
Our previous work pointed out that the D-hydantoinase gene (Genbank AY 387829) from Pseudomonas putida YZ-26 was novel because it could be over-expressed in Escherichia coli without addition of any inducers as well as some other unique properties (Shi et al. 2005 (Shi et al. , 2006 . Here, two mutant D-hydantoinases with one amino acid deletion at either the N-or C-terminus were constructed and their molecular conformation, pH resistance and thermal stability were reported.
Materials and methods

Enzyme, reagents and strains
All enzymes used were purchased from New England Biolabs (Beverly, USA). Oligodeoxynucleotides were synthesized by TaKaRa Co. (Dalian Branch, China). DL-Hydantoin was purchased from Sigma-Aldrich Co. (St. Louis, USA). Vector pET3a was purchased from Invitrogen Co. (California, USA). Escherichia coli BL21 (DE3) was stored in this laboratory at -80°C. All chemicals were commercial products of the highest grade available.
Cloning mutant genes of D-hydantoinase The amplification of ORF of two variants at N-terminal Ser or C-terminal Arg deletion was performed by using PCR. The recombinant plasmid pE-hydn1 encoding mutant D-hydantoinase (HYDn1) was amplified by using primers, FWn: 5¢-CCG CAT ATG CTG TTG ATC CGT GGC-3¢ and RVn: 5¢-CCC GGA TCC TCA GCG CTG AAC TGG CAT-3¢ with the constructed pE-hyd as the template and the PCR product was inserted into the corresponding sites of vector pET3a. Under the same conditions, the plasmid pE-hydc1 encoding mutant HYDc1 was amplified by using primers, FWc: 5¢-CCC CAT ATG TCC CTG TTG ATC CGT-3¢ and RVc: 5¢-CGG GGA TCC TCA CTG AAC TGG CAT-3¢ and the product was inserted into the same vector. Each inserted fragment was confirmed by DNA sequence analysis.
Enzyme expression and purification
Three recombinant plasmids pE-hyd, pE-hydn1 and pE-hydc1 were introduced into E. coli BL21 and expressed in Luria-Bertani (LB) medium containing ampicillin (100 lg/ml) at 30°C for 12-14 h. The purification procedure of HYD, HYDc1 and HYDn1 was described as in our previous work (Shi et al. 2005) . The details of protein purification are given in Table 1 below. Enzyme assay
The activity in cells or enzyme solution was assayed with DL-hydantoin as the substrate (Shi et al. 2005) . The reaction mixture consisted of 100 mM DL-hydantoin in 50 mM Tris/HCl, pH 8.0 in 1.5 ml reaction volume. After incubation at 37°C for 30 min, the reaction was terminated by adding 0.25 ml trichloroacetic acid (10% w/v), 0.25 ml dimethylaminobenzaldehyde solution (10% w/v in 6 M HCl) and finally diluted with distilled water to 3 ml. After centrifugation, the product, N-carbamoylglycine, in the supernatant was measured at 430 nm and its amount calculated from a standard calibration plot. One unit of D-hydantoinase activity was defined as the formation of 1 lmol N-carbamoylglycine from DL-Hydantoin in 1 min.
Results
Expression and purification of HYD, HYDc1 and HYDn1
Three engineered E. coli BL21 strains containing recombinant plasmids pE-hyd, pE-hydc1 and pEhydn1, were grown in 1 l LB medium at pH 7.0 and 30°C for 12-14 h to produce relevant enzymes. Thereafter, cells were destroyed by sonication and cell debris was removed by centrifugation. The purification procedures of three enzymes are summarized in Table 1 . HYD and mutant HYDc1 were purified about 3-fold with more than 40% yield, while HYDn1 revealed very low activity (Table 1 ). All three recombinant enzymes achieved electrophoretic homogeneity with Mr of 54 kDa as indicated by SDS-PAGE (Fig. 1) . The specific activity for the substrate DL-Hydantoin was 3.1 U/mg for HYD and 1.2 U/mg for HYDc1, respectively.
The oligomeric structure of mutant enzymes
In our previous work, the native HYD was shown to be a dimer (Shi et al. 2005) , which was consistent with the view that D-hydantoinases from different sources were in the form of a dimer or tetramer as the functional unit (Cheon et al. 2002; Xu et al. 2003) . However, the oligomeric structure of mutant enzymes was obviously changed as monitored by native-PAGE and by size-exclusion chromatography. The native-PAGE indicates that HYDc1 is completely dissociated to monomer (Fig. 2, lane 2) and HYDn1 is a mixture of monomer and dimer (Fig. 2 , lane 1) in comparison to native HYD ( Fig. 2 lane 3) . The above results were further confirmed by the HPLC size-exclusion chroma- tography as shown in Fig. 3 . Based on the plot of K av with log Mr and their elution volumes, the native HYD is a dimer and HYDc1 is a monomer, while HYDn1 is a mixture of monomer and dimer. The results from two different methods which are generally used to evaluate the oligomeric structure of an enzyme are consistent with each other.
The secondary and tertiary structures of mutant enzymes
The circular dichroism (CD) spectroscopy has been used to examine whether the secondary and tertiary structures of a polypeptide are changed in various conditions (Taylor and Keating 2005) . CD spectra in the far-UV region of HYD, HYDc1 and HYDn1 are shown in Fig. 4 . The spectra display the characteristics of a mainly a-helical structure, which is usually monitored by the ratio of two negative peaks at 208 nm and 222 nm (Di Nardo et al. 2004 ). However, the spectrum of HYDn1 displays a stronger signal in the far-UV region as compared to those of HYDc1 and HYD, indicating that the conformation of HYDn1 was greatly changed. The above results are accordant with the activity change of HYDn1, HYDc1 and HYD. In contrast, there are no significant differences on fluorescence spectra among the wild-type enzyme and two mutants. A possible explanation is that most of nine Trp residues in this enzyme are located on the surface of the enzyme molecule, therefore the Trp fluorescence is not sensitive to the conformational changes of the enzyme (data not shown).
The pH stability of HYD and HYDc1
The pH stability of HYD and HYDc1 were different at below pH 7 and above pH 10. However, their optimal pHs have no significant difference (Fig. 5) . It implies that the active site residues of HYDc1 are not changed and the intermediate of enzyme-substrate is normally formed, similar to HYD. However, surface charges could be changed in the acidic or basic conditions for HYDc1, resulting in the different pH sensitivity. From the viewpoint of the industrial application, the higher activity of HYDc1 at basic pH may facilitate the process of D-amino acid bioconversion. For the variant HYDn1, the The spectra were taken with 1 mm path-length cuvette at 25°C by the Jasco spectropolarimeter J-810. The enzyme (0.8 mg/ml protein concentration) was placed in a 10 mM potassium phosphate buffer at pH 8.0 pH stability cannot be assessed due to the very low enzyme activity of this mutant even under optimal pH conditions (see Table 1 ).
Thermal-stability of HYD and HYDc1
The thermal deactivation of HYD is obviously slower than that of HYDc1 under the same conditions (Fig. 6 ). The molecular structure of HYD in the form of a dimer may be in a more compact state to resist the heat denaturation. On the contrary, HYDc1 as a monomer may be lack of the binding force between subunits, resulting in the decrease of its stability. Therefore the C-terminal Arg residue of HYD plays an important role in the thermo-stability by maintaining the oligomeric structure of the enzyme.
Discussion
Microbial D-hydantoinase (HYD) is an important enzyme in the industrial bioconversion of Damino acids and their derivatives (Grifantini et al. 1998) . HYD is usually in the form of homodimer or homotetramer as the functional unit. The primary structure of HYDs from various strains has 40-90% homology with the most homology around N-terminal region (Shi et al. 2005) . Generally speaking, both the amino acid sequence and subunit components of an enzyme are the result of the long-term evolution. Therefore, when the residue of an enzyme molecule is artificially changed, such as amino acid substitution or deletion, it often results in changes in its conformation and activity. However, both a C-terminal 11-residue truncated HYD from Bacillus thermocatenulatus and a C-terminal 12-residue truncated HYD from Bacillus stearothermophilus only affected their subunit dissociation without impact on their catalytic activities (Kim and Kim 1998 ). This report demonstrates the different importances of the N-or C-terminal residue of Dhydantoinase from Pseudomonas putida YZ26 for the conformation and activity of the enzyme. A variant HYDn1, with the N-terminal Ser deleted, displayed the conformational change with complete loss of its activity. This may suggest that the newly synthesized polypeptide in protein biosynthesis may have improper folding. However, when the C-terminal residue Arg of HYD was deleted, the mutant HYDc1 was only changed to monomer from dimer and the activity was basically maintained. This result indicates that the positively-charged Arg at C-terminus is a key Time (min) Relative activity (%) Fig. 6 Comparison of thermo-stability between HYD (A) and HYDc1 (B). The enzymes were pre-incubated at three different temperatures (50, 55 and 60°C) in a Tris/HCl buffer (50 mM at pH 8.0). An aliquot of the incubated solution was removed at desired time and chilled on ice for 5 min. Then the enzymatic activity was assayed as described in the Materials and methods Fig. 5 Comparison of pH stability between HYD ( ) and HYDc1 (n). The enzymes were incubated in K 2 HPO 4 -KH 2 PO 4 buffer (0.05 M, pH 6.0-7.0), Tris/HCl buffer (0.05 M, pH 8.0-9.0), and NaHCO 3 -NaOH buffer (0.05 M, pH 10.0-11.0) at 37°C for 2 h, then an aliquot of the above solution was added to 1.5 ml reaction mixture for activity assay residue to form a dimer as the functional unit, and this Arg residue is not located at the active site so as not to affect the catalysis of the enzyme. In order to further confirm the function of the C-terminal Arg, we have substituted the Arg with Asp (negatively-charged residue) and Ala (neutral residue). The preliminary results were consistent with our prediction that the C-terminal positively-charged Arg is required for the formation of a dimer (data not shown). Further characterizations of these two new mutants are ongoing in our laboratory.
